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Abstract

Irritable bowel syndrome with predominant diarrhea (IBS-D) is characterized by increased

intestinal permeability. Previous studies have shown that the microRNA-29 gene is involved

in the regulation of intestinal permeability in patients with IBS-D. NF-κB was proved to play a

key role in inflammatory response of intestine and resultant disruption of tight junction integ-

rity, whose activity could be inhibited by TNF Receptor-Associated Factor 3 (TRAF3). How-

ever, the exact mechanism that induces increased intestinal permeability in IBS-D patients

has not been clarified. In this study, we found that microRNA-29b-3p (miR-29b-3p) was sig-

nificantly upregulated, while TRAF3 was decreased and the NF-κB-MLCK pathway was

activated within the colonic tissue of IBS-D patients. Subsequently, we confirmed the target-

ing relationship between miR-29b-3p and TRAF3 through a double-luciferase reporter

assay. Lentivirus transfection of NCM460 cells with miR-29b-3p-overexpressing and -silenc-

ing vectors demonstrated that the expression of TRAF3 was negatively correlated with the

level of miR-29b-3p. The NF-κB/MLCK pathway was activated in the miR-29b-3p-overex-

pressing group and inhibited to some extent in the miR-29b-3p-silencing group. Results in

WT and miR-29 knockout mice showed that miR-29b-3p levels were increased, TRAF3 lev-

els were decreased, and the NF-κB/MLCK signaling was activated in the WT IBS-D group

as compared with the WT control group. The protein levels of TRAF3 and TJs in the miR-

29b-/- IBS-D group were partially recovered and NF-κB/MLCK pathway indicators were, to a

certain extent, decreased as compared with the WT IBS-D group. These results suggested

that miR-29b-3p deletion enhances the TRAF3 level in IBS-D mice and alleviates the high

intestinal permeability. In brief, through the analysis of intestinal tissue samples from IBS-D

patients and miR-29b-/- IBS-D mice, we showed that miR-29b-3p is involved in the patho-

genesis of intestinal hyperpermeability in IBS-D via targeting TRAF3 to regulate the NF-κB-

MLCK signaling pathway.
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1. Introduction

Irritable bowel syndrome (IBS) is a prevalent gastrointestinal disorder characterized by

abdominal pain associated with defecation or altered bowel habits. Irritable bowel syndrome

with predominant diarrhea (IBS-D) is one of the major subtype of IBS [1], which imposes a

substantial burden on patients and the healthcare system, resulting in decreased quality of life

for patients [2]. At present, the pathogenesis of IBS-D is not fully understood, which may

involve genetic predisposition, intestinal hyperpermeability, altered intestinal barrier function,

immune dysregulation, and brain-gut imbalance [3, 4]. Therefore, it is crucial to explore the

underlying pathomechanism of IBS-D in order to develop effective treatments for this disease.

Intestinal hyperpermeability proved to play an important part in the pathogenesis of IBS-D

[5]. Maintenance of intestinal permeability relies on an intact intestinal barrier function. The

intimate connections between cytoskeletal structures and intercellular tight junctions (TJs)

contribute to the integrity of the intestinal barrier [6]. Cytoplasmic claudins, occludin, and

junctional adhesion molecules (JAMs) proteins are important TJs proteins that determine

intestinal permeability [7]. JAMs play a crucial role in forming cell polarity and cell junctions

[8]. Claudin-1 is involved with certain channel and sealing functions [9]. Occludin is an essen-

tial component of the maintenance and regulation of the intestinal barrier function [10]. All

these are important intestinal epithelial TJs, once destructed, can lead to increased gut perme-

ability, which could finally induce local or systemic inflammation [11]. Interestingly, and vice

versa, increased permeability of the colonic epithelium could also be a consequence of inflam-

matory response and disruption of TJ integrity, through which process, NF-κB was shown to

play a key role via multiple cellular signaling pathways [12]. Indeed, NF-κB is extensively

involved in numerous inflammatory diseases, including inflammation in the gastrointestinal

tract [13]. The most abundant form of NF-κB activated by pathological stimulation through a

typical pathway is the p50:p65 heterodimer [14]. And furtherly, myosin light-chain kinase

(MLCK) is an important signaling node that regulates the integrity of TJs. Previous research

has demonstrated that TNF-α activates NF-κB via a pathway involving MLCK, thereby influ-

encing the intestinal barrier function [15].

MicroRNAs are short, non-coding RNA molecules that regulate the expression of target

genes by complementary pairing with the target gene mRNA 3 UTR [16]. Studies have

reported that microRNA-29 is involved in regulating IBS-D intestinal epithelial barrier func-

tion [17]. The increased expression of miR-29 in the intestinal tissues of IBS-D patients

resulted in the decreased expression of NKRF [18], a transcriptional silencer of NF-κB [19].

Moreover, TRAF3 can inhibit the activity of NF-κB by continuously mediating the degrada-

tion of NF-κB-induced kinase [20]. In the previous study, it was found that the expression

level of miR-29b-3p was increased and the expression level of TRAF3 was decreased in the

intestinal tissues of IBS-D patients, and there was a targeted inhibition relationship between

miR-29b-3p and TRAF3. However, the mechanism of regulation of IBS-D by miR-29b-3p

through targeted inhibition of TRAF3 has not been reported. In order to explore the specific

role of miR-29b-3p in IBS-D, this study was verified by clinical tissue samples, animal experi-

ments and cell experiments. This study aims to elucidate the mechanism by which miR-29b-

3p regulates the NF-κB-MLCK signaling pathway involved in IBS-D intestinal hyperperme-

ability through targeted inhibition of TRAF3. This will provide a new idea for the establish-

ment of biomarkers for clinical diagnosis of IBS-D.
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2. Materials and methods

2.1. Patients

Subjects enrolled in this study included 10 IBS-D patients and 10 healthy controls (June 1, 2017

to December 31, 2017). Diagnosis of IBS-D was according to Rome IV criteria [21]. Table 1

describes the clinical parameters of these subjects. Two days before colonoscopy, 5 mL of fasting

antecubital venous blood was obtained from the subjects. Colonic mucosa samples were col-

lected during the colonoscopy at the First Affiliated Hospital of Guangzhou University of Chi-

nese Medicine (Guangzhou, China). The clinical research project was approved by the Medical

Research Ethics Committee of the First Affiliated Hospital of Guangzhou University of Chinese

Medicine (No. ZYYECKYJ-2017-011). All subjects signed the informed consent. The study pro-

tocol conformed to the standards set by the Declaration of Helsinki. Authors have access to

information that identifies individual participants both during and after data collection.

2.2. Animals and IBS-D model establishment

Heterozygous miR-29b+/- mice were purchased from the Shanghai Model Organisms Center ,

Inc. (SCXK 2014–0002, Shanghai, China) and bred to obtain miR-29b-/- mice (miR-29b

knockout mice). CRISPR/Cas9 technology was used to cause functional loss of themiR-29b
gene by introducing mutations through non-homologous recombination repair. The process

was manipulated according to the previous protocol of our laboratory [22]. In brief, Cas9

mRNA and sgRNA were obtained by in vitro transcription, and then microinjected into the

zygotes of C57BL/6J mice to obtain F0 generation mice. The homozygous miR-29b-deficient

mice were screened by PCR, and then they were paired with C57BL/6J mice for amplification

and reproduction. The experimental mice were housed in standard laboratory conditions with

a temperature of 20–25˚C, relative humidity of 50 ± 5%, and a 12 h light-dark cycle. The geno-

type of the miR-29b-/- mice and wild type (WT) C57BL/6 mice were identified by PCR using

the following primers: mmu-miR-29b Forward: AGGGGGCAGGGTCTCATTAGCA and mmu-

miR-29b Reverse: CCCACCCCCTTCCCCTCAG.

Twenty-four male WT and miR-29b-/- mice were randomly assigned into four groups: 1)

WT control, 2) WT IBS-D, 3) miR-29b-/- control, and 4) miR-29b-/- IBS-D groups (n = 6). In

order to establish the IBS-D model, WT IBS-D and miR-29b-/- IBS-D groups were given an

intracolonic administration of acetic acid once (3%, diluted in distilled water) at the age of 6

weeks. The water avoidance stress (WAS) test was conducted the next day. Briefly, mice were

Table 1. Demographics and clinical characteristics of patients with diarrhea-predominant irritable bowel syn-

drome and healthy controls.

Features IBS-D patients Controls P value

n 10 10 NA

Age in year 31.4±6.82 31.9±6.92 0.873

Gender, male: Female 6:4 6:4 1

Duration of disease in year 2.95 (1.50, 4.00) NA NA

Defecation frequency 3.00 (2.50, 3.60) 1.00 (0.80, 1.00) 0.000

BSFS score 5.50 (5.00, 6.00) 4.00 (3.75, 4.00) 0.000

IBS-SSS 217.50 (175.00, 275.00) NA NA

The data are presented as the mean ± SD or the median (Q1, Q3). BSFS: Bristol stool form scale; IBS-D: Irritable

bowel syndrome with predominant diarrhea; IBS-SSS: Irritable bowel syndrome symptom severity scale; NA: Not

applicable.

https://doi.org/10.1371/journal.pone.0287597.t001

PLOS ONE MicroRNA-29b-3p promotes intestinal permeability in IBS-D via targeting TRAF3

PLOS ONE | https://doi.org/10.1371/journal.pone.0287597 July 10, 2023 3 / 18

https://doi.org/10.1371/journal.pone.0287597.t001
https://doi.org/10.1371/journal.pone.0287597


placed on a small platform (10 × 8 × 8 cm) in a basin (45 × 25 × 25 cm) with warm water 1 cm

below the platform for 1 h every day for 10 consecutive days. At the end of the study, mice

were anesthetized by inhalation of isoflurane and sacrificed by cervical decapsulation. All ani-

mal experiments were conducted in accordance with the National Institutes of Health guide

for the care and use of Laboratory animals and approved by the Institutional Animal Care and

Welfare Committee of Guangzhou University of Chinese Medicine (TCMF1-2019001).

2.3. Assessment of visceral sensitivity and fecal water content in mice

After the model was established, the visceral sensitivity of the mice was assessed by calculating

the abdominal withdrawal reflex (AWR) as previously reported [23]. The AWR score (0–4)

was used to grade pain responses at different degrees. Two blinded researchers recorded the

AWR scores at each pressure.

The next day after the modeling manipulation was finished all groups of mice were kept in

separate metabolic cages for 60 minutes. The feces of mice in each cage were collected and

weighed. After the feces were completely dried in oven at 60˚C for 48 h, they were weighed

again, and the moisture content of the feces was calculated as follows: water content (%) = (wet

weight of the feces − dry weight of the feces) / wet weight of the feces × 100%.

2.4. Histological observation

Colonic tissues of clinical subjects and mice were fixed in 4% paraformaldehyde (Biosharp,

Hefei, China), embedded with paraffin, and cut into 5-mm slices. Slices were stained with

hematoxylin and eosin (H&E, Yeasen, Shanghai, China) and imaged for analysis. The images

were evaluated and scored according to the protocols listed in Table 2 [24, 25].

2.5. Detection of serum D-LA (D-lactic acid), DAO (Diamine oxidase), and

LPS (Lipopolysaccharide) levels

Levels of serum D-LA, DAO, and LPS in humans and mice were detected using ELISA kits by

following the manufacturer’s protocols (D-LA ELISA kit, No. JL13858; DAO ELISA kit, No.

JL11855; LPS ELISA kit, No. JL20691). Briefly, blood samples were centrifuged at 4˚C, 3000

rpm, 4500 g for 15 min, and supernatant was collected for detection. Each blood sample was

tested twice to obtain an average OD value at 450 nm by a microplate reader (ThermoFisher

Scientific, Waltham, MA, USA). The above kits were purchased from Shanghai Jianglai Bio-

technology Co., LTD (Shanghai, China).

2.6. Cell culture and transfection

NCM460 cells, a normal human colon mucosal epithelial cell line (Shanghai Yaji Biotechnol-

ogy Co., LTD, Shanghai, China), were maintained in Dulbecco’s modified eagle medium

Table 2. The scoring scale used for histology.

Score Severity of inflammation Crypt damage Ulceration

0 Rare inflammatory cells in the lamina propria Intact crypt 0 foci of ulceration

1 Increased numbers of granulocytes in the lamina propria Intact crypt 0 foci of ulceration

2 Confluent inflammatory cells extended to submucosa Loss of basal 1/3 of crypt 1–2 foci of ulceration

3 Moderate inflammatory cell infiltrates Loss of basal 2/3 of crypt 1–2 foci of ulceration

4 Marked inflammatory cell infiltrates Loss of entire crypt 3–4 foci of ulceration

5 Marked transmural inflammation Change in epithelial surface caused by erosion Confluent or extensive ulceration

https://doi.org/10.1371/journal.pone.0287597.t002
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(Gibco, California, USA) containing 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco, Cal-

ifornia, USA) at 37˚C in a 5% CO2 humidified atmosphere. Before transfection, the resusci-

tated NCM460 cells were seeded into 24-well plates and cultured to 40% confluence. Then, the

cells were transfected with 1 × 107 TU (transducing units) / ml virus of miR-29b-3p UP, miR-

29b-3p inhibition, miR-29b-3p UP negative control, and miR-29b-3p inhibition negative con-

trol (Shanghai Genechem Co., Ltd, Shanghai, China) following the instructions. Total RNA

and protein were extracted after 72 h of cell culture for further use.

2.7. Reverse transcription quantitative PCR (RT-qPCR)

The colon tissues and NCM460 cells were collected, and total RNA was extracted using the

TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). The expression levels of

the miRs and mRNAs were determined via RT-qPCR. The purified RNA was synthesized to

cDNA by a first-strand synthesis kit (Takara, Tokyo, Japan) according to the instructions of

manufacturer. RT-qPCR was performed on a Bio-Rad CFX96 Touch Real-Time PCR Detec-

tion System using the amplification conditions reported previously [26]. The primer sequences

used in the experiment were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China)

(Table 3). The relative miRNA and mRNA expression levels were calculated using the 2−ΔΔCT

formula and normalized to U6 and GAPDH [22].

2.8. Western blot analysis

Total and phosphorylated proteins were isolated in RIPA lysis buffer (Beyotime, Shanghai,

China) with protease inhibitors and phosphatase inhibitors as previously described [26]. The

protein concentration was measured using a Bicinchoninic Acid protein assay kit (Thermo

Fisher Scientific, Waltham, MA, USA). The extracted proteins were then separated via sodium

dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride

membranes (Thermo Fisher, Shanghai, China). Subsequently, membranes were incubated at

4˚C for 12 h with the primary antibodies (Table 4). A horseradish peroxidase-conjugated sec-

ondary antibody was incubated with the membranes at 25˚C for 2 h. The relative expression of

Table 3. RT-qPCR primer sequences used in this study.

Gene Forward primer (5’ to 3’) Reverse primer (3’ to 5’)

miR-29b-3p (Human) CGCGCGCGTAGCACCATTTGAAATCAG AACGCTTCACGAATTTGCGT

miR-29b-3p (Mouse) CGCGCGCGTAGCACCATTTGAAATCA AACGCTTCACGAATTTGCGT

U6 (Human, Mouse) CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

TRAF3 (Human) CTGGCTCTTCAGATCTATTGTCGG TCCCGGTATTTACACGCCTT

TRAF3 (Mouse) AGATGCTCCGAAACAACGAGT CCGCACTTTTGTCTACGCTCT

Tnf-alpha (Human) GTGACAAGCCTGTAGCCCATGTT TTATCTCTCAGCTCCACGCCATT

Tnf-alpha (Mouse) ACTCCAGGCGGTGCCTATGT GTGAGGGTCTGGGCCATAGAA

Nfkb1 (Human) GCCTCCACAAGGCAGCAAATA CACCACTGGTCAGAGACTCGGTAA

Nfkb1 (Mouse) TCCGGGAGCCTCTAGTGAGAA TCCATTTGTGACCAACTGAACGA

RELA (Human) GACGCATTGCTGTGCCTTC TTGATGGTGCTCAGGGATGAC

RELA (Mouse) ATTGCTGTGCCTACCCGAAAC TTTGAGATCTGCCCTGATGGTAA

MLCK (Human) GCGGATTTCCTCATGCAGG AGCACATGCTTTGGTTTTCCT

MLCK (Mouse) AAGGGAGCTGACCTAACCCAG TTGCTACGGACAATTCCAGGG

GAPDH (Human) GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA

GAPDH (Mouse) TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG

https://doi.org/10.1371/journal.pone.0287597.t003
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the proteins was quantified and standardized to the expression of GAPDH by using Quantity

One 4.6.2 Software (Bio-Rad, California, USA).

2.9. Dual-luciferase reporter assay

For TRAF3 luciferase reporter construction, 400-bp fragments of the TRAF3 3’ UTR, 5’ UTR, or

TRAF3-coding region containing the predicted binding site were inserted into the pmir-GLO

reporter vector (Tsingke Biotechnology Co., Ltd., Beijing, China) to generate the 3’ UTR, 5’ UTR,

or TRAF3-coding region WT luciferase reporters. The binding site mutant vector was then gener-

ated using the Site Directed Mutagenesis kit (Tsingke Biotechnology Co., Ltd., Beijing, China).

For the assay, NCM460 cells were co-transfected with miR-29b-3p mimic and TRAF3-WT, miR-

29b-3p mimic negative control (NC) and TRAF3-WT, miR-29b-3p mimic and TRAF3-MUT, or

miR-29b-3p mimic NC and TRAF3-MUT in 24-well plates by Lipofectamine 3000 (Thermo

Fisher, Massachusetts, USA). After incubating for 24 h, the cells were harvested. Firefly luciferase

activities were measured with a Luciferase Assay System (Promega, Beijing, China) and normal-

ized to Renilla luciferase activity, according to the manufacturer’s protocol.

2.10. Statistical analysis

Statistical analysis was performed using SPSS software (version 23.0, SPSS Inc., Chicago,

USA). All values are expressed as the mean ± standard deviation (S.D.). Differences between

two groups were analyzed by a Student’s t test, and an one-way ANOVA was used to analyze

differences among multiple groups. P< 0.05 were considered to be statistically significant.

3. Results

3.1. Subject demographic and clinical characteristics

Demographic and clinical characteristics included IBS-D patients and healthy volunteers as

shown in Table 1. Subjects enrolled in this study included 10 IBS-D patients and 10 healthy

volunteers, with a male to female ratio of 6:4. The mean age of IBS-D patients was 31.40, while

that of the healthy control group was 31.90, which was not statistically different. The BSFS

scale showed that the median score of IBS-D patients was 5.50 and that of the control group

was 4.00, indicating a significant statistical difference (P< 0.01). The IBS Symptom Severity

Scale [27] showed that patients with IBS tended to score moderate.

Table 4. Antibody information used in this study.

Antibody Name Dilution Concentration Cat Number Company

TRAF3 (Human, Mouse) 1:1000 AF5380 Affinity Biosciences

TNF-α (Human, Mouse) 1:1000 AF7014 Affinity Biosciences

p-p65 (Human, Mouse) 1:1000 AF2006 Affinity Biosciences

p65 (Human, Mouse) 1:1000 AF5006 Affinity Biosciences

MLCK (Human, Mouse) 1:1000 AF5314 Affinity Biosciences

p-MLC (Human, Mouse) 1:1000 AF8618 Affinity Biosciences

MLC (Human, Mouse) 1:1000 AF5423 Affinity Biosciences

Claudin-1 (Human, Mouse) 1:1000 ab180158 Abcam

Occludin (Human, Mouse) 1:1000 ab21632 Abcam

JAM-A (Human, Mouse) 1:1000 ab180821 Abcam

GAPDH (Human, Mouse) 1:2000 AF7021 Affinity Biosciences

Secondary antibody 1:3000 S0010 Affinity Biosciences

https://doi.org/10.1371/journal.pone.0287597.t004
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3.2 Mild intestinal inflammation and hyperpermeability in IBS-D patients

As shown in Fig 1A and 1B, histological examination revealed neither apparent infiltration of

inflammatory cells nor crypt destruction in the healthy control group, whereas the IBS-D

group showed partial loss of goblet cells, disappearance of crypt epithelium, and mild infiltra-

tion of inflammatory cells. Colon histopathological scores showed significant differences

between IBS-D patients and healthy controls. Additionally, compared with healthy controls,

IBS-D patients had significantly increased intestinal permeability indices [28], as indicated by

serum levels of D-LA, DAO, and LPS (Pall < 0.01, Fig 1C–1E), suggesting that there was mild

inflammation and high permeability in the colon of patients with IBS-D.

3.3. Expression of miR-29b-3p and its potential target gene in IBS-D

patients

We detected the expression of miR-29b-3p in the colonic mucosa specimen of clinical subjects

by RT-qPCR and found that the level of miR-29b-3p in IBS-D patients was significantly

increased as compared to that of healthy controls (P< 0.01) (Fig 1F). In order to uncover the

Fig 1. Evaluation of colon tissue integrity, intestinal permeability indexes, expression of miR-29b-3p and its

potential target genes in IBS-D patients and healthy controls. (A) Representative H&E images of the colon

(magnification ×200). (B) Histological score. (C) Serum D-LA levels in humans. (D) Serum DAO levels in humans. (E)

Serum LPS levels in humans. (F) RelativemiR-29b-3pmiRNA levels in the colons of humans. Relative mRNA levels of

(G) TRAF3, (H) Tnf-alpha, (I) RELA, (J) Nfkb1 and (K)MLCK in the colons of humans. Data are shown as the

mean ± S.D. (n = 6). ** P< 0.01 vs. healthy controls.

https://doi.org/10.1371/journal.pone.0287597.g001
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mechanism underlying the pathogenesis of miR-29b-3p in IBS-D, we measured the expression

level of TRAF3 and its potential downstream genes. The results showed that the level of TRAF3

was significantly downregulated in the colonic mucosa of the IBS-D patients group as compared

to the control group (P< 0.01, Fig 1G). On the contrary, the mRNA expression levels of Tnf-

alpha, RELA, Nfkb1, and MLCK were significantly upregulated in IBS-D patients as compared

to the controls (Pall < 0.01, Fig 1H–1K). These results suggested that increased colonic perme-

ability in IBS-D patients may be related to the regulation of miR-29b-3p and TRAF3.

3.4. MiR-29b-3p targets TRAF3 in NCM460 cells

It has been predicted that TRAF3 is the direct target of miR-29b-3p and that the target rela-

tionship is evolutionarily conserved [29, 30]. To confirm this, we performed online miRNA

target analysis (http://starbase.sysu.edu.cn) and dual-luciferase reporter gene tests on miR-

29b-3p and TRAF3 genes. Online analysis and screening of database unveiled the binding site

between miR- 29-3p and the TRAF3 3’ UTR (Fig 2A). The results of dual luciferase reporter

gene tests showed that mimic NC and miR-29b-3p mimic had no effect on the mutant vector

and no-load activity of the target gene. The miR-29b-3p mimic significantly inhibited the

activity of the wild-type TRAF3 vector (P< 0.01). After site-specific mutation, the miR-29b-

3p mimic had no inhibitory effect on the mutant TRAF3 vector (Fig 2C). These results con-

firmed that miR-29b-3p could bind directly to the 3’ UTR of TRAF3 mRNA.

Fig 2. The targeting relationship between miR-29b-3p and TRAF3 was verified, and the efficiency of lentivirus-

mediated miR-29b-3p transfection in NCM460 cells was evaluated. (A) The 3’ UTR binding site ofmiR-29b-3p to

TRAF3. (B) The overexpression or inhibition ofmiR-29b-3p in NCM460 cells was identified by fluorescent markers.

(C) Dual luciferase reporter gene detection ofmiR-29b-3p and TRAF3. (D) The overexpression or inhibition of miR-

29b-3p in NCM460 cells was verified by RT-qPCR. Data are shown as the mean ± S.D. (n = 3). ## P< 0.01 vs. mimic

NC group.

https://doi.org/10.1371/journal.pone.0287597.g002
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3.5. Efficiency of miR-29b-3p transfection into NCM460 cells by lentivirus

NCM460 cells successfully transfected expressed green fluorescent protein (GFP). 72 hours

post-transfection, NCM460 cells were observed by fluorescence microscope and photo-

graphed, and it was found that the fluorescence ratio of each group was more than 90%. The

results showed that virus expressing miR-29b-3p up, miR-29b-3p inhibition, miR-29b-3p up

control, and miR-29b-3p inhibition control were successfully transfected into NCM460 cells

and stably expressed (Fig 2B). RT-qPCR was used to verify the expression levels of miR-29b-

3p in each group, and it was found that compared with the Inhibition control group, transfec-

tion of the miR-29b-3p inhibitor significantly inhibited the expression of miR-29b-3p in

NCM460 cells (P< 0.05). Compared with the up control group, transfection with miR-29b-3p

mimic significantly increased the expression level of miR-29b-3p in NCM460 cells (P< 0.01,

Fig 2D). These results showed that miR-29b-3p and its control group were successfully trans-

ferred into NCM460 cells and expressed stably.

3.6. Expression of miR-29b-3p target gene TRAF3 and NF-κB/MLCK

pathway-related indicators in NCM460 cells after transfection

In order to evaluate whether miR-29b-3p could effectively regulate TRAF3 expression in vitro,

we further examined TRAF3 expression after miR-29b-3p mimic or inhibitor transfection in

NCM460 cells. Both TRAF3 protein and mRNA expression were decreased after transfection

of miR-29b-3p mimic in NCM460 cells (P< 0.05 or P< 0.01). Conversely, TRAF3 protein

and mRNA levels were increased in NCM460 cells treated with the miR-29b-3p inhibitor (Fig

3A–3C). The experimental results showed that TRAF3 expression was inversely associated

with miR-29b-3p levels.

Accordingly, we also detected the expression of NF-κB/MLCK pathway-related indicators

in NCM460 cells after transfection with a miR-29b-3p mimic or inhibitor. The protein expres-

sion of TNF-α, p-p65/p65, p-MLC/ MLC, and MLCK in the UP group was significantly

increased as compared to the UP control group (Pall < 0.05). In contrast, the expression of

these proteins in the inhibition group were decreased as compared to the inhibition control

group (Fig 3A and 3B; TNF-α, p-p65/p65, P< 0.01). Similarly, the mRNA levels of Tnf-alpha,

RELA, Nfkb1, and MLCK were all dramatically elevated in the UP group as compared with the

UP control group (P< 0.05 or P< 0.01), whereas the inhibition group decreased the mRNA

levels of these indicators as compared to the inhibition control group (Fig 3D–3G; Tnf-alpha,

RELA, P< 0.01; MLCK, P< 0.05). Moreover, as shown in Fig 4A–4D, the protein levels of

JAM-A, occluding, and claudin-1 in the UP group were remarkably decreased as compared to

the UP control group (JAM-A, Claudin-1, P< 0.01; Occludin, P< 0.05), whereas the expres-

sion of JAM-A, Occludin, and Claudin-1 were increased in the inhibition group as compared

with the inhibition control group (JAM-A, Occludin, P< 0.05). These results suggested that

there is a negative feedback regulation between TRAF3 and the NF-κB/MLCK pathway at the

cellular level. Overexpression of miR-29b-3p inhibits TRAF3 levels, resulting in activation of

the NF-κB/MLCK pathway and destruction of TJs.

3.7. miR-29b-/- mouse identification and IBS-D model evaluation

We next utilized miR-29b-/- mice in order to verify the effect of miR-29b-3p on intestinal

hyperpermeability during IBS-D. The genotype of the miR-29b-/- mice was confirmed via PCR

amplification and agarose gel electrophoresis by using DNA isolated from the tails of each

mouse. According to the instructions, the wild-type mice had a band at 1425 bp, and the

mutant band was 825 bp (Fig 5A). PCR identification results of miR-29b-3p are shown in Fig
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5B. miR-29b-3p expression in WT IBS-D mice was significantly higher than that in WT con-

trol group, but miR-29b-3p expression in both miR-29b-/- control group and miR-29b-/-

IBS-D group was maintained at a very low level.

The AWR score is a suitable indicator of visceral sensitivity of IBS-D animals [23], there-

fore, we tested AWR score of each mice. After IBS-D modeling, the AWR score (0.2 ml, 0.4

ml) of WT IBS-D mice was significantly elevated as compared to that in the WT control group

(Fig 5E, Pall < 0.05), while the AWR score in the miR-29b-/- IBS-D group was lower than that

of the WT IBS-D group (AWR score 0.4 ml, P< 0.05). The results showed that miR-29b

knockout reduced the intestinal sensitivity of IBS-D mice to a certain extent. The fecal water

content of WT mice and miR-29b-/- mice increased significantly after IBS-D modeling, but the

increase in fecal water content was more obvious in the WT IBS-D group (Fig 5F, Pall < 0.01).

Intestinal permeability indices (D-LA, DAO, and LPS) in the WT IBS-D model group were

also significantly increased as compared to those in the WT control group (Pall < 0.01, Fig 5G–

5I). Histological examination of the colon tissue of the WT IBS-D group showed mild edema,

impaired mucosal integrity, and inflammatory cell infiltration (Fig 5C and 5D). However,

Fig 3. The expression of the genes and proteins in the TRAF3 and NF-κB/MLCK pathway in NCM460 cells after

transfection. (A) TRAF3 and NF-κB/MLCK pathway representative western blot images. (B) Relative protein

expression of TRAF3, TNF-α, p-p65/p65, p-MLC/MLC, and MLCK. NCM460 cells mRNA levels of (C) TRAF3, (D)

Tnf-alpha, (E) RELA, (F)Nfkb1, and (G)MLCK. Data are shown as mean ± the S.D. (n = 3–6). # P< 0.05, ## P< 0.01

vs. Inhibition control group; * P< 0.05, ** P< 0.01 vs. UP control group.

https://doi.org/10.1371/journal.pone.0287597.g003
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intestinal permeability indices and the colonic histological score of the miR-29b-/- IBS-D

group were alleviated as compared with WT IBS-D group (colon histological score, D-LA,

DAO, and LPS Pall < 0.01). All the results together confirmed that the IBS-D mouse model

was successfully established using intracolonic acetic acid stimulation and water stress, and the

modeling effect was suitable. In IBS-D mice, knockdown of miR-29b reduced the high perme-

ability of the intestinal epithelium to a certain extent and maintained the structural integrity of

the colonic epithelium.

3.8. Expression of miR-29b-3p target gene TRAF3 and NF-κB/MLCK

pathway in miR-29b-/- mice

In order to confirm that the TRAF3 signaling pathway regulates intestinal permeability in

miR-29b-/- mice, we detected the levels of TRAF3, TNF-α, p65, p50, MLCK, MLC, p-MLC,

Claudin-1, Occludin, and JAM-A in the colonic tissues of animals. As illustrated in Fig 6A and

6B, the protein expression levels of TNF-α, p-p65/p65, p-MLC/MLC, and MLCK in the WT

IBS-D group were increased while protein expression levels of TRAF3 was decreased as com-

pared to WT control group (Pall < 0.01). However, the miR-29b-/- IBS-D group had decreased

expression of TNF-α, p-p65/p65, p-MLC/ MLC, MLCK and increased expression of TRAF3 as

compared to the WT IBS-D group (P< 0.05 or P< 0.01). Similarly, compared with the control

group of both WT and miR-29b-/- mice, the mRNA levels of Tnf-alpha, RELA, Nfkb1, and

MLCK in the IBS-D group were all significantly increased, while TRAF3 mRNA level were sig-

nificantly decreased (Pall < 0.01). However, compared with WT IBS-D group, the mRNA levels

of Tnf-alpha, RELA, Nfkb1, and MLCK were much lower while TRAF3 was much higher in

miR-29b-/- IBS-D group (P< 0.05 or P< 0.01, Fig 6C–6G).

Fig 4. Expression of TJ proteins in NCM460 cells after transfection. (A) Representative western blot images of TJ

proteins. Relative protein expression of (B) JAM-A, (C) Occludin, and (D) Claudin-1. Data are shown as mean ± the S.

D. (n = 3). # P< 0.05 vs. inhibition control group; * P< 0.05, ** P< 0.01 vs. UP control group.

https://doi.org/10.1371/journal.pone.0287597.g004
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The colonic protein expression of JAM-A, Occludin, and Claudin-1 were remarkably

decreased in the WT IBS-D group as compared with the WT control group (Pall < 0.01, Fig

7A–7D). On the contrary, the expression level of TJ proteins in the miR-29b-/- IBS-D group

were partially restored as compared with the WT IBS-D group (P< 0.05 or P< 0.01). All

these data suggested that miR-29b-/- mice subjected to the IBS-D model had alleviated intesti-

nal barrier function disruption and intestinal hyperpermeability as compared with WT IBS-D

group via targeting TRAF3 and inhibiting the NF-κB/MLCK signaling pathway.

Fig 5. Verification of the genotype, colon tissue integrity, AWR score, fecal water content and intestinal

permeability indexes in experimental mice. (A) Representative agarose gel electrophoresis image. (B) RelativemiR-
29b-3pmiRNA levels in the colons of mice. (C) Representative H&E images of mice colons (magnification ×200). (D)

Histological score of mice in each group. (E) The AWR score of mice in each group. (F) The fecal water content of

mice in each group. (G) Serum D-LA levels in mice. (H) Serum DAO levels in mice. (I) Serum LPS levels in mice. Data

are shown as the mean ± S.D. (n = 6). # P< 0.05, ## P< 0.01 vs. WT Control group; * P< 0.05, ** P< 0.01 vs. WT

IBS-D group.

https://doi.org/10.1371/journal.pone.0287597.g005
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4. Discussion

IBS-D is a common gastrointestinal disorder in clinic characterized by recurrent abdominal

pain and diarrhea, whose etiopathogenesis is associated with hyperpermeability and hypersen-

sitivity of the intestinal tract [31]. Previous studies have shown that mild inflammation and

disruption of the intestinal epithelial barrier play an crucial role in the progression of IBS-D, as

both allow increased amounts of D-LA produced by the intestinal flora to enter the blood cir-

culation through the damaged mucosal cells [32]. DAO is a catabolic pathway enzyme that fre-

quently accumulates within the intestinal mucosa and microvilli. During ischemia or hypoxia,

DAO can be released into the blood, and its serum concentration is positively correlated with

the integrity of the intestinal mucosa [33]. Similarly, LPS has been shown to be closely related

to intestinal barrier integrity resulting from dysregulated intestinal homeostasis [34]. There-

fore, D-LA, DAO, and LPS are widely used to assess intestinal cell damage and dysfunction in

IBS-D, and all these three indicators are negatively correlated with intestinal mucosal perme-

ability. Our results demonstrated higher serum levels of D-LA, DAO, and LPS in IBS-D model

Fig 6. Expression of the genes and proteins in the TRAF3 and NF-κB/MLCK pathway targets in the colon tissues

of mice. (A) TRAF3 and NF-κB/MLCK pathway representative western blot images. (B) Relative protein expression of

TRAF3, TNF-α, p-p65/p65, p-MLC/MLC, and MLCK. Relative mRNA levels of (C) TRAF3, (D) Tnf-alpha, (E) RELA,

(F)Nfkb1, and (G)MLCK. Data are shown as mean ± the S.D. (n = 3–6). # P< 0.05, ## P< 0.01 vs. WT Control group;
* P< 0.05, ** P< 0.01 vs. WT IBS-D group.

https://doi.org/10.1371/journal.pone.0287597.g006
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mice than control mice, with miR-29b-/- mice in much lower level compared with correspond-

ing WT mice.

Intestinal hyperpermeability induced by acetic acid stimulation leads to damage of the

intestinal mucosal barrier and allows for invasion of pathogenic bacteria [28]. What’s more,

anxiety and depression are common in patients suffering from functional gastrointestinal dis-

orders, such as IBS-D [35]. Repeated exposure to WAS successfully reproduced sustained vis-

ceral hyperalgesia after stress sensitization in animals in parallel with psychiatric comorbidity

of IBS-D patients in clinic, which is widely accepted as an suitable IBS model [36]. Therefore,

we established IBS-D mice model by combination of acetic acid enema and WAS. In the cur-

rent study, H&E staining of intestinal biopsies from IBS-D patients and IBS-D mice exhibited

mild inflammatory cell infiltration, crypt damage, and TJ destruction. Serum D-LA, DAO, and

LPS levels were also remarkably increased (Pall < 0.01) in IBS-D patients and IBS-D mice. In

addition, the visceral sensitivity of IBS-D model mice was enhanced as indicated by AWR

score and the severity of diarrhea in IBS-D mice was aggravated as indicated by fecal water

content, which were consistent with the abdominal pain and pathological diarrhea manifesta-

tions of IBS-D patients in clinic.

MicroRNAs, which are small RNAs capable of regulating protein levels, have attracted

interest in recent years as diagnostic biomarkers, pathogenic indicators, and potential thera-

peutic targets. Members of the miR-29b family include miR-29b-3p, and miR-29b-5p, and

their mature sequences have high similarity. Nonetheless, due to the different isomers, their

determined functions differ [37]. Recent studies have shown that miR-29b-3p plays an

important role in the progress of IBS-D concerning intestinal permeability [18]. Studies

have reported that miR-29b-3p plays a key role in ischemia-reperfusion injury by targeting

TRAF3 [30]. Our dual-luciferase reporter gene assay confirmed that microRNA-29b-3p

Fig 7. Expression of TJ proteins in the colon tissues of mice. (A) Representative western blot images of TJ proteins.

Relative protein expression of (B) JAM-A, (C) Occludin and (D) Claudin-1. Data are shown as mean ± the S.D. (n = 3).
## P< 0.01 vs. WT Control group; * P< 0.05, ** P< 0.01 vs. WT IBS-D group.

https://doi.org/10.1371/journal.pone.0287597.g007
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could target to TRAF3 in NCM460 cells. TRAF3 is an important signal transducer involved

in the interferon regulator NF-κB and apoptotic signaling pathways [38], which is widely

expressed in the brain, lung, heart, spleen, and liver and is a target gene of miR-29b-3p. A

previous study reported an important β-cell-macrophage pathway mediated by miRNA-

29-TRAF3 [39], while another study found that miR-29b-3p affects the triple-negative

breast cancer cell line MDA-MB-231 by targeting TRAF3 and activating the NF-κB signal-

ing pathway [40]. More importantly, studies revealed that microRNA-29 and its target

genes NF-κB inhibitor (NKFR) and Claudin-1 play an important role in the pathogenesis of

IBS-D as key regulators of intestinal permeability [18]. TNF-α, a common inflammatory

cytokine, can promote the activation of the NF-κB pathway, which leads to an increase in

intestinal permeability [41]. After activation of NF-κB, both p50 and p65 were significantly

upregulated [42]. Studies have shown that NF-κB within the intestinal epithelium directly

targets to MLCK and modulates the activity of MLCK. Specifically, activated NF-κB

released p50 and p65 to act on MLCK [43]. Consequently, MLCK mediates the phosphory-

lation of MLC, causing contraction of the cytoskeleton of intestinal epithelial cells, eventu-

ally leading to TJ dysregulation and intestinal hyperpermeability [44].

In the current study, we found that the expression level of miR-29b-3p within the colonic

mucosa of IBS-D patients was significantly increased, the expression level of its target gene

TRAF3 was reversely decreased, and the related NF-κB/MLCK pathway indicators (TNF-α,

p65, p50, and MLCK) were increased. These results suggested that miR-29b-3p and its target

gene TRAF3 may be involved in the pathogenesis of IBS-D. To verify this hypothesis, we

silenced and overexpressed miR-29b-3p in NCM460 cells and further assessed the function of

miR-29b in miR-29b knockout mice.

In the cell experiment, we found that the expression of TRAF3 in NCM460 cells in the

miR-29b-3p-overexpressing group was significantly reduced, which further verified the nega-

tive targeting relationship between miR-29b-3p and TRAF3. The elevation of miR-29b-3p sig-

nificantly inhibited the normal expression of TRAF3. Due to the absence of TRAF3, the NF-

κB pathway was activated, which resulted in the subsequent activation of TNF-α, NF-κB het-

erodimer p50/p65, and increased MLCK gene activity and protein expression. Phosphoryla-

tion of MLC proved to eventually lead to the disruption of TJs and increased permeability

[45]. However, in the miR-29b-3p-silencing group, the expression of the miR-29b-3p gene was

relatively decreased, resulting in enhanced expression of TRAF3, which inhibited the NF-κB/

MLCK pathway to a certain extent. Our results confirmed a negative feedback regulation

between TRAF3 and NF-κB/MLCK pathway at the cellular level. Overexpression of miR-29b-

3p inhibited the level of TRAF3, which resulted in the activation of the NF-κB/MLCK pathway

and disruption of TJs.

Furtherly, we compared the gene and protein expression of TRAF3, NF-κB/MLCK path-

way-related indicators, and TJs in the colon tissue of IBS-D mouse model. It was found that

compared with the WT control group, the expression of TRAF3 in the WT IBS-D group was

significantly reduced, the NF-κB/MLCK pathway was activated, and the expression of TJs

were significantly downregulated. Our experimental results confirmed that the expression lev-

els of JAM-A, Occludin, and Claudin-1 were reduced in IBS-D mice, which was in parallel

with the significantly increased intestinal permeability as indicated by enhanced serum levels

of D-LA, DAO, and LPS in IBS-D model group. However, compared with WT IBS-D mice,

miR-29b-/- IBS-D mice showed less protein damage to JAM-A, Occludin, and Claudin-1 and

alleviated intestinal hyperpermeability. These data suggested that miR-29b deficiency (or

downregulation) could improve intestinal barrier function by targeting TRAF3 to inhibit the

NF-κB/MLCK signaling pathway.
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5. Conclusion

In summary, IBS-D patients and IBS-D model mice demonstrated increased miR-29b-3p

expression, accompanied by reduced TRAF3 expression and activation of the NF-κB-MLCK

signaling pathway, which downregulated the level of JAM-A, Claudin-1 and Occludin TJ pro-

teins, resulting in damage to the intestinal epithelial barrier and resultant intestinal hyperper-

meability. While in miR-29b knockout mice and miR-29b-3p-silenced NCM460 cells,

activation of NF-κB-MLCK pathway was inhibited and the TJs and intestinal epithelial barrier

function were restored. Hence, we speculated that the colon hyperpermeability of IBS-D

patients may be regulated by the endogenous interaction between miR-29b-3p and TRAF3

along with its downstream NF-κB-MLCK pathway.
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